Abstract-We report the rapid assembly of carbon nanoparticles (CNPs) into functional electrical elements utilizing optically induced electroosmotic flow (OIEF) in a specialized microfluidics chip. Numerical simulations of various optically induced electrokinetics forces exerted on CNPs were initially performed to ascertain the viable forces that could overcome the Brownian motion and produce sufficient force to manipulate and assemble the CNPs. The results confirmed the theoretical prediction that only the force induced by OIEF could manipulate the CNPs. Subsequently, a series of experiments for assembling CNPs were conducted. This was followed by electrical characterization of the assembled threedimensional CNP microstructures. The results proved that OIEF could effectively and rapidly assemble CNPs in about 45 s. We used measurements of the current-voltage relationship to validate that the CNP-based microstructures are resistive elements, and their resistance could be controlled by the width and length of the microstructures. We believe that, by using the OIEF technique, different nanoparticles of varying electrical properties could be assembled rapidly in a specialized microfluidics chip to create microelectrical elements in the future, including integrating different nanoparticle elements into functional electrical devices.
wide variety of potential applications in optical [1] , biomedical [2] , bioengineering [3] , biochemical [4] , and electronics fields [5] . They typically behave as a bridge between the bulk materials and molecular/atomic structures. Nanoparticles have a number of special properties relative to bulk materials such as a high surface area to volume ratio as well as both semi-conducting and conducting properties. Hence, many research groups across the world are currently studying the special characteristics of nanoparticles, including their fundamental mechanical, electrical, and chemical properties, and their potential applications spanning from electronic devices to biosensors.
For example, florescent carbon nanoparticles (CNPs) as lateral flow labels can behave as DNA biosensors with good accuracy and sensitivity. These CNP-based biosensors have potential applications in biomedical and clinical fields [6] . On the other hand, the electrochemical detection performance of heavy metal ions in aqueous media could be sharply enhanced by drop casting the CNPs onto the electrodes [7] . In addition, fluorescent CNPs have also been reported as a promising alternative for biomedical imaging because they are non-toxic and heavy metal-free [8] .
CNPs have also been used as fluorescence probes and as a delivery matrix for imaging and treating cancer cells [9] . For instance, CNPs can be used to target metastatic breast cancer cells, and fluorescence imaging can be used to monitor the corresponding uptake in various stages of cancer. Studies have also already been performed to explain the nanoparticle-cancer-cell interactions, which facilitates the engineering of nanomedicine [10] .
Several studies have explored the ability of manipulating and assembling CNPs for various applications. For example, CNPs could be made to self-assemble into long continuous chains by dielectrophoresis (DEP), which is achieved between a pair of electrodes powered by alternating current (AC) bias potential [11] . One drawback of this DEP technique is that the resulting chains of CNPs must be connected to the static metal electrodes that are fabricated by conventional micro-lithography techniques, which precludes the assembled CNPs from many applications. The supramolecular assembly approach is another nano-assembly technique that can facilitate the potential application of CNPs in the photovoltaic and optoelectronic fields [12] . However, this method is inflexible due to the requirement of specific chemical solutions to aid the entire assembly process, which, again, will limit the application of the assembled CNPs in various fields. We note here that the electrostatic deposition method is another approach that can manipulate and form ultrathin CNP-based electrodes using a layer-by-layer approach [13] , [14] . This technique relies on other materials in addition to CNPs to construct the electrodes, which restricts the fabrication of microstructures and electrodes with pure CNPs; its manipulation efficiency is also relatively lower. Hence, a new technique that offers rapid manipulation and assembly of CNPs is needed to create structures that are useful for electronic and bio-related applications.
Optically-induced electrokinetics (OEK) was first proposed in 2005 [15] and is sometimes erroneous referred to as optically induced dielectrophoresis (ODEP), which, by definition, is only a specific phenomenon of OEK. It is a powerful and versatile tool for manipulation of live individual cells and/or a number of cells in larger populations [16] [17] [18] [19] [20] [21] [22] [23] . It is rapid, real-time, programmable, automatic, and non-invasive. ODEP/OEK uses optically-projected virtual electrodes to the manipulated objects at a relatively larger field-of-view. Most importantly, micro/nano-scaled material can also be assembled using OEK, including nanowires [24] and gold nanoparticles [25] . In the past, our group assembled microparticles for various applications [26] , [27] . Recently, our group also fabricated micro/nano-scaled structures and nanodevices using different types of nanoparticles [28] [29] [30] [31] and developed new algorithms to identify and characterize micro/nano-scaled particles, including single biological cells [29] , [32] .
This paper describes the rapid and dynamic manipulation and assembly of CNPs by optically-induced electroosmotic flow (OIEF) in an optical-electric-microfluidics chip. Before presenting a series of experimental processes and their results, we first discuss the results of the finite element analysis (FEA) of OEK forces exerted onto the CNPs used in this work, which proves that the optically-induced electroosmotic fluidic forces are sufficiently large to manipulate the CNPs. Next, the manipulation and assembly of CNPs into microstructures using different optically-defined virtual electrodes are presented. Finally, the results of the geometric profiles and electrical properties of these microstructures fabricated using the OIEF technique are presented and discussed.
II. EXPERIMENTAL SETUP AND CHIP STRUCTURE Fig. 1(a) is a schematic illustration of the experimental setup. An available graphics software package (Adobe Animate CC2017 and Mobile Device Packaging, Adobe, U.S.A.) was employed to virtually define and generate the desired electrodes. These were used to illuminate the OEK chip with the aid of an LCD projector (VPL-F400X, Sony, Japan). Also, a condenser lens (MS plan, 50×, Nikon, Japan) mounted between the LCD projector and the OEK chip was essential to focus and collimate the optically-projected images onto the lower surface of the OEK chip. A charged coupled device (DH-SV1411FC, DaHeng Image, China) fixed on a microscope (Zoom 160, OPTEM, U.S.A.) was custom-designed to observe and record the CNPs' motion in real-time mode. In addition, the OEK chip was powered by a function generator (Agilent 33522A, U.S.A.) applied to the top and bottom ITO glass substrates. A generalized illustration of the OEK chip used in this study is shown in Fig. 1(b) . Briefly, the OEK chip consisted of four layers: a top glass layer with a transparent and conductive indium tin oxide (ITO) film, which is used as the top electrode for applying the AC bias potential; a thin film of photoconductive hydrogenated amorphous silicon (a-Si:H); a fabricated adhesive tape with a custom-designed microchannel; a bottom ITO glass layer employed as the bottom electrode for applying the AC bias potential. In addition, a custom-designed 800-μm-thick glass substrate was coated with a 180 nm ± 10 nm ITO film via sputtering, and two through-holes with diameters of ∼1 mm were mechanically fabricated with a glass drill. A 1-μm-thick a-Si:H layer was deposited onto the ITO surface of the glass by the plasma-enhanced chemical vapor deposition method. The microchannel for loading the CNPs-contained solution was constructed by utilizing a CO 2 laser engraving machine (FL-570, Hengchunyuan Machinery Equipment Co. Ltd., China) to carve the double-sided adhesive tape (3M 9009, China). Furthermore, some areas of the a-Si: H layer were etched in order to allow the connections of the electrodes to the function generator for application of the AC bias potential. This experimental setup is similar to the one introduced in detail in our prior research described in [17] .
The 50-nm-diameter CNPs (Sigma-Aldrich, U.S.A.) were suspended in deionized (DI) water and bovine serum albumin (BSA) with a conductivity of 1 × 10 −3 S/m (measured using the Cond 3110 conductivity meter). The purpose of adding BSA into the solution was described and discussed in our previous study [19] . Then, 18 μL of the CNP solution was injected into the OEK microfluidics chip by the micropump. The solution was treated with five-hour ultrasonic processing at 45 Hz in order to get a well-mixed solution. The dark conductivity and photo-conductivity of the a-Si:H were 1 × 10 −11 S/m and 4 × 10 −5 S/m, respectively. These were experimental values measured with a Keithley 2410 source meter.
III. THEORY AND FEA MODELING

A. Comparison of FEA Simulation of OEK Forces Exerted Onto CNPs
In general, due to its inherent lower conductivity, almost all of the AC bias potential from the function generator dropped across the a-Si:H layer without optically-projected images illuminating the chip. In this case, the a-Si:H acted as an insulator and Here, ς is the zeta potential, η is the dynamic viscosity of DI water, E t is the tangential electric field, T is the temperature of the liquid solution, τ = ε m /σ m , K B is the Boltzmann constant, and V is the volume of the polystyrene beads. For DI water in room temperature, approximately, [32] .
prevented the voltage from dropping across the liquid solution. However, when a visible light pattern transmitted from a commercial digital projector is illuminated through a microscope on the lower surface of the OEK chip, the electron-hole pairs would be excited and enhanced by the migration of electrons from the valence band to the conduction band of the a-Si:H layer. Consequently, the local conductivity of the a-Si:H would increase via the photoconductive effect. Correspondingly, the electric field across the liquid solution would be sharply enhanced above the locally illuminated areas of the a-Si:H because most of the externally applied AC bias potential shifts to the liquid solution.
Hence, a non-uniform electric field could be produced. Unlike conventional DEP technology, there is no need to fabricate the metal-based electrodes to create a non-uniform electric field using this OIEF technique. If this type of non-uniform electric field was exerted onto the CNPs under a given condition, then they would be polarized and experience a force from an interaction between the electric field, the fluidic medium, and the CNPs-namely OEK forces. The ODEP is a key OEK force under certain combinations of particle, fluidic medium, and applied electric field conditions. Our prior study has discussed the spatial distribution of ODEP forces and how optical wavelengths and frequency could influence the ODEP force [26] .
The non-uniform electric field could also induce fluid flows -namely AC electrothermal (ACET) flow and OIEF. We have demonstrated the feasibility of combining ODEP and OIEF to assemble 100 nm gold nanoparticles into various microstructures [29] . In general, the ACET flow induces lower magnitude of fluidic force on the particle and typically neglected in using OEK forces to manipulate nanoparticles. However, manipulation scale of objects is below a few microns, i.e., in the nanometer scale, Brownian motion should not be neglected and should be compared with other OEK forces to see if it could significantly affect the manipulation process.
To determine which OEK forces can effectively and efficiently manipulate and assemble CNPs, a finite element analysis (FEA) simulation (COMSOL Multiphysics version 5.3, Sweden) was performed to show the relationship of forces with respect to the Brownian motion. The equations used to estimate the key relevant forces acting on the CNPs are shown in Table I , which indicates that OIEF and ODEP forces are dependent on the externally applied bias voltage frequency. The 2D time- harmonic analysis module for a quasi-static electrical current field was selected to treat Maxwell's equations for the optically induced electric field in the OEK chip. The corresponding boundary setting was identical to that presented in our previous work [26] . Fig. 2 shows the numerical simulation result of various forces exerted onto CNPs. This suggests that the OIEF force is higher than Brownian motion only when the frequency is from 1 kHz to 7 kHz. Accordingly, in theory, only OIEF force can manipulate and assemble the CNPs with diameter of 50 nm.
We used the following parameters and settings to acquire the result in Fig. 2 . The liquid conductivity was 1 × 10 −3 S/m (which was the measured conductivity of a solution of DI water and BSA used in the experiments); the dark conductivity and photoconductivity of a-Si:H were 1 × 10 −11 S/m and 4 × 10 −5 S/m, respectively. In addition, the relative dielectric parameters of the liquid and the a-Si:H were 78 and 11, respectively. To determine the OIEF force, the time-harmonic analysis model was first simulated to get the zeta potential and the tangential electric field. The velocity can then be derived. This velocity was repeatedly calculated to get the velocity distribution versus the applied frequency of AC bias potential. For the ACET flow, the simulation method is the same as that published in our previous research [26] . Most importantly, the temperature increases due to the ACET effect and the optical power were negligible as calculated in our prior work [29] . Hence, the usage of the average room temperature (i.e., T = 300 K) is reasonable for Brownian motion calculations.
B. Simulation of OIEF
As discussed above, only the force generated by OIEF can theoretically be used to manipulate CNPs. In this section, we performed a systematic analysis of spatial distribution and influential factors of OIEF to provide a more stable and highefficiency manipulation method under a set of given parameters. Typically, the fluid flow in the OEK chip meets the incompressible Navier-Stokes fluidic equation as discussed in our previous work [29] ; this is further expressed as [33] :
where ρ m is the fluid density, p is the fluid pressure, and f v is the body force exerted onto the fluid. Both the time-harmonic analysis module and the incompressible Navier-Stokes fluidic module in the FEA software package were selected to calculate and simulate the OIEF distribution in the entire liquid chamber. The time-harmonic analysis module was adopted to acquire the zeta potential and the electric field at a specific frequency, thereby obtaining the slip velocity. Then, the OIEF velocity equation in Table I was adopted as the input parameter of the boundary at the interface between the liquid layer and the a-Si:H to solve the incompressible Navier-Stokes equation. The upper surface of the geometrical simulation model, namely the upper ITO layer, was set as a no-slip wall. The other two boundaries were set to zero pressure differential, meaning the pressures at the inlet and outlet were both at standard atmospheric pressure. Fig. 3 is the FEA simulation results of OIEF and the velocity distribution with two different AC bias potentials. The arrows in Fig. 3(a) indicate the direction of the OIEF in a across-section of the liquid chamber -this suggests that CNPs will be attracted and pushed towards the central areas of the incident light. Furthermore, the velocity distribution is symmetrical along the center of the illumination areas and the magnitude of the velocity drops sharply to zero when the vertical position is increased away from the a-Si:H upper surface. This suggests that the assembled CNPs will be symmetrically located around the center of the incident light, and only CNPs across a limited vertical range in the microchamber can be effectively manipulated by OIEF. The inset in Fig. 3(a) shows that the velocity in the very center of the illumination is "zero", which means the concentrated CNPs will be static in this area. In theory, the "first" effective range of the horizontal dimension is only located at the center of the inset of Fig. 3(a) , i.e., within 1 μm when the optical size is set as 16 μm as proposed in the simulation. However, continuous accumulation of CNPs will be also concentrated to this area if both the AC bias potential and optical pattern are not turned off. Consequently, the subsequently assembled CNPs will be located near the "zero" area horizontally, which means the final effective CNPs accumulation range will be equal to the size of the optical image size. This phenomenon was validated by experimental observations that will be discussed in the next section. Fig. 3(b) shows the OIEF velocities when the applied AC bias potential is doubled. In this case, the OIEF velocity will have a four-fold increase. The "zero" area will decrease due to the increased OIEF velocity. Hence, during the manipulation process of CNPs, an appropriate bias voltage parameter should be set to avoid creating uncontrolled accumulation of CNPs at the "zero" area. In the following experiments, we will first validate these simulation results and then assemble and characterize the assembled CNPs-based structures.
IV. RESULTS AND DISCUSSIONS
A. Validation of Manipulation of CNPs by OIEF
Before experimentally manipulating and assembling CNPs into microstructures, it is critical to validate whether our proposed theory about how OIEF could be used to manipulate CNPs is correct, i.e., by confirming which forces will dominate the manipulation of CNPs process. Fig. 4 is the experimental observation of manipulating CNPs in an OEK chip using bias voltages with various frequencies. Initially, there was no AC bias potential applied during the projection of an optical spot onto the fluidic chamber of the OEK chip. The CNPs were randomly suspended in the OEK chip with a liquid of conductivity of 1 × 10 −3 S/m. We have found experimentally that a medium with this conductivity is sufficient for the CNPs to be manipulated in the OEK chip, i.e., under this liquid conductivity Brownian motion of the particles can be neglected (Fig. 4(a) ). When the AC bias potential was switched on with a voltage of 2 V at 1 MHz, the CNPs remained static (Fig. 4(b) ). When the frequency was gradually decreased with a step of 100 kHz, the CNPs were attracted into the illumination area of the incident light pattern. Fig. 4(c) is an example with a frequency of 100 kHz. The frequency was then further decreased to 10 kHz with a decreased step of 10 kHz, and the CNPs were distributed randomly across the field-of-view. However, more CNPs moved into the optical spot once the frequency was adjusted to below 10 kHz ( Fig. 4(d) ). When the frequency was 1 kHz, CNPs were visibly decreased significantly in the field of view of microscope outside the illuminated circular areas, i.e., most of the CNPs have clearly been assembled around the central position of the illuminated area as shown in Fig. 4(e) . When the voltage was increased to 4 V (at frequency of 1 kHz), the concentrated CNPs were repelled away from the optical spot since the increased voltage resulted in the increased OIEF velocity to "push" away the CNPs (Fig. 3(b) ). During the experimental process, we have observed repeatedly that the CNPs do not move within the time period when the bias voltage frequency is above 10 kHz. Although the time period shown in the pictures of Fig. 4 is relative short (from 0 s to 13 s) for applied frequencies higher than 10 kHz, this observation was consistent after several repeated experiments. In summary, this experimental result demonstrated that only OIEF was effective and successful in manipulating the CNPs in the proposed OEK chip.
B. Rapid Assembly of CNPs and Characterization of the Microstructures
Rapid manipulation and assembly of CNPs into microstructures (Fig. 5 ) was performed using a bias voltage of 2 V at 1 kHz based on the results discussed above. Fig. 5(a) is the experimental result of assembly of CNPs into three different microstructures, which had a same length of 50 μm but different widths. The width scale among them was 1:2:3; the outside rectangular pattern surrounding them was used to prevent too many CNPs from moving into the three rectangular patterns. After 45 s, the CNPs were concentrated and formed into structures (Fig. 5(a)-iii) with similar incident light patterns. Fig. 5(b) is the result of assembly of CNPs into three different structures using the same process as shown in Fig. 5(a) ; however, the width of the optical pattern was fixed at a value of 10 μm but with different lengths. Here, the length was scaled at 1:2:4. Fig. 6(a) shows SEM images of the assembled CNPsbased microstructures. Fig. 6(b) shows the surface profile of the corresponding microstructures as acquired by an AFM. These data indicate that the microstructures have consistent height (Fig. 6(b) ) of about 600 nm.
Microstructures (I-VI) were characterized with a semiconductor parameter analyzer (Agilent 4155 C/D, USA) and an analytical probe station (Everbeing DB-8, Taiwan) was used to load the OEK chip and facilitate the measurement process. We set the time to complete each sweep to be more than 5 min per measurement. All microstructures were characterized by using three different voltages, with measurement under each voltage repeated five times. Fig. 7(a)-(c) are the electrical characterization results of microstructures (I-III) of Fig. 5(a) at different measurement voltages, i.e., 1 V (Fig. 7(a) ), 10 V (Fig. 7(b) ), and 20 V (Fig. 7(c) ). These results reflect the current-voltage relationship when the microstructures' lengths were held constant and the width was varied at a scale of 1:2:3. The corresponding curve-fitting functions that show the relationship of resistances with respect to three different widths of microstructures (I-III) are given in Fig. 8(a), (b) , and (c) for measurement voltages of 1 V, 10 V, and 20 V, respectively. The results demonstrated that the resistance ratio among the three microstructures (I-III) was 6:3:2 regardless of the applied voltages. This means that the resistance ratio of these structures is inversely proportional to the width ratio. This is because the increased width of the microstructure will correspondingly increase the cross-sectional area, which will inversely increase the resistance based on the classical resistance versus conduction area and length relationship.
We also characterized the microstructures (IV-VI) using the same procedures as used to characterize microstructures (I-III), and their electrical properties are shown in Figs applied voltages. The ratio was the same as the length ratio of the three microstructures (IV-VI). Again, this can be explained by the classical resistance versus conduction area and length relationship. In summary, these results prove that the assembled microstructures behave as resistance block units but can also be used as microelectrode units.
In Fig. 7(c) , the current-voltage relationship of 30-μm-width microstructure is clearly not linear. The error bar was roughly obtained by calculating the slope of the curve; the curve-fitting function in Fig. 8(c) could also further validate the resistance of 30-μm-width microstructure deviates from Ohm' law relationship. As we can see from Fig. 6(b) -III, the height distribution of 30-μm-width microstructure is more uneven than those of the other two microstructures, which could potentially result in the nonlinear current-voltage curve of the 30-μm-width microstructure. Furthermore, as seen in Fig. 7 , an observable general trend of the current-voltage relationship is that it deviates from linearity as the voltage is increased. This could indicate a resistance heating effect of the microstructures and the phenomenon should be investigated in detail in the future.
The presented experimental results verified the feasibility of manipulation and assembling of 50-nm-diameter CNPs via OIEF. These results will further widen the applicability OEK technology in terms of developing novel nano-scaled manipulation methods to rapidly create functional electronic components based on CNPs. In the future, we intend to automate the OEK chip-based nanoparticle assembly process by incorporating closed-loop control for assembling CNPs or other nano-scaled objects. We will also explore the possibility of quantitatively investigating the assembling process by identifying the number of assembled CNPs.
V. CONCLUSION
We have successfully manipulated CNPs and assembled them into electrical elements with OIEF in a specialized microfluidic chip activated via incident light and externally applied AC bias potential. This novel technique was shown to be feasible through both theoretical and experimental work. FEA simulation of various key OEK forces exerted onto CNPs provided the theoretical basis for the proposed new technique. This was followed by experimental work to validate the theoretical conjecture, which conclusively showed that CNPs could be assembled into various electrical elements rapidly, i.e., within ∼45 s. The fabricated CNP-based microstructures were characterized by AFM and SEM, and their electrical properties were obtained by currentvoltage measurements. These results confirmed that the method described in this paper can be used to fabricate CNP-based electrical elements in a rapid manner. This work also validated that the CNP-based microstructures can be used as a resistance block unit and a microelectrode.
